Abstract-In an RFID system, an efficient anti-collision algorithm is essential to quickly identify a number of tags. Most of RFID anti-collision algorithms are designed by assuming that the time durations of all slots are the same. In this paper, we propose a new anti-collision algorithm based on the binary tree algorithm and the framed slotted ALOHA algorithm with an optimal frame size determination method. The durations of an idle slot and a collision slot can differ from the duration of a success slot by the QueryRep (QR) command. The proposed algorithm can estimate the number of tags even when the zero estimation is not applicable. And an appropriate frame size is determined considering the time duration of adaptive slot size. We show that the identification time is reduced using our proposed Hybrid Framed Slotted ALOHA with Adaptive Slot (HFSA-AS) through analysis and simulations.
I. INTRODUCTION
Radio Frequency IDentification (RFID) is a non-contact identification technology to gather information from various objects using radio frequency [1] . An RFID system consists of tags and a reader which collects information from the tags. In RFID systems, collisions may occur due to simultaneous transmission of multiple tags [2] . The collision degrades system performance, so an anti-collision algorithm to avoid collisions is required. Anti-collision algorithms are generally classified into ALOHA-based algorithms [3] and tree-based algorithms [4] . Among ALOHA-based algorithms, Dynamic Framed Slotted ALOHA (DFSA) reduces the probability of tag collision by sending a response signal in a random slot of a frame. The Binary Tree (BT) algorithm is a representative tree-based algorithm. All tags transmit at slot 0 and a collision occurs. Then, every collided tags are separated into two subgroups randomly by selecting 0 or 1 to resolve collisions.
The DFSA or the BT algorithm typically assumes that the time duration of a slot is constant. An anti-collision algorithm for varying slot size is proposed in [5] . In the Adaptive Slotted ALOHA Protocol (ASAP), the reader can detect an idle slot when the reader receives no 16-bit Random Number (RN16) in a slot. The reader received no RN16 during a certain amount of time starts the next slot immediately by transmitting a QueryRep (QR) command. So, the time duration of an idle slot is reduced and the throughput is improved. Since the ASAP is designed by considering only In this paper, we propose a Hybrid Framed Slotted ALOHA with Adaptive Slot (HFSA-AS) algorithm. The HFSA-AS can reduce the time duration of a slot not only in the idle state but also in the collision state. In HFSA-AS, the tag estimation method is designed to increase the accuracy using the estimated Packet Error Rate (PER). The identification phase of HFSA-AS uses hybrid of DFSA and BT, i.e., a reader identifies tags in a single DFSA frame and the tags in a collided slot is split into two subgroups using the BT algorithm. This paper is organized as follows. In Section II, we describe the proposed HFSA-AS algorithm. In Section III, performance evaluation of our proposed algorithm is presented. Finally, we conclude in Section IV.
II. PROPOSED HFSA-AS ALGORITHM
In the proposed HFSA-AS, there are two phases, i.e., estimation and identification phase. In the estimation phase, a reader identifies tags and estimates the number of unidentified tags. Using the estimated number of unidentified tags, the reader determines the frame size for the identification phase. In a collision slot of the identification phase, the reader can identify the collided tags using the BT algorithm.
A. Adaptive Slot depending on the response from tags. The EPC global C1 G2 standard defines the QR command [1] and it is used to notify the beginning of a slot (see Fig. 1 ). At the beginning of a slot, the reader broadcasts a QR command. The tags received the QR command decrease the slot counter by 1 and if the slot counter becomes 0, the tag may transmit its RN16. A reader can identify an idle slot if it receives no RN16 for a waiting time T wait . When the reader identifies an idle slot, the reader starts the next slot immediately by broadcasting a QR command. In a collision slot, a reader receives multiple RN16s and transmits an empty Acknowledgement (ACK) frame. The tags received the empty ACK can identify a collision and the reader starts the next slot immediately after the empty ACK by broadcasting a QR command. So the duration of an idle slot and that of a collision slot can be saved. 
B. The Estimation Phase
The estimation phase is composed of multiple frames. The size of a frame is calculated by the power of two and the exponent Q is given by a reader. A reader broadcasts the value of Q at the beginning of a frame (see Fig. 2 ). A tag randomly selects a slot at the k th frame and transmits its RN16 at a randomly selected time slot. After the k th frame, the reader calculates the probability of collision.
If the probability of collision exceeds a threshold, the reader increases the value of Q and starts the next frame. If the probability of collision is less than a threshold, the reader stops the estimation phase and calculates the estimated number of remaining tags. The threshold is presented in [6] . Let  be a constant factor to determine the frame size k est L , and Q in be the initial value of Q. Let n be the number of tags. The size of the k th frame is
The probability of a success slot is
where k n is the number of remaining tags at the k th frame
The probability of an idle slot is
So the probability of a collision slot is
Let succ T , idle T , and coll T be the duration of a success, idle, collision slot, respectively. The average duration of a slot is
If the measured collision probability 
The measured probability of success at the reader is affected by PER (see Fig. 3 ). Even if a single tag transmits RN16, a reader may fail to identify RN16 due to channel error and the slot may be determined as a collision slot. The PER
at the k th frame is estimated by using the relationship between the success probability when there are no packet errors 
The zero estimation method [5] and C-ratio estimation method [7] to estimate the number of tags may not be precise as PER increases. To increase the accuracy of estimation, we propose a new estimation method considering PER. The measured collision probability 
So the actual collision probability is estimated as
In HFSA-AS, the reader can estimate the number of tags using relationship of Eqs. (2)- (4). ). , (
C. The Identification Phase
In the legacy algorithms, the frame size of the identification phase is equivalent to the estimated number of unidentified tags. However, the frame size is not optimal when the slot size is varying. So we propose a novel frame size decision method. 
where
The ratio of a collision slot size to a success slot size is
Let succ p , coll p , and idle p be the probability of success, collision, idle slot, respectively. The frame size of the identification phase id L can be determined by
, where  is a proportional constant.
We define the efficiency ) ( E to determine the frame size of the identification phase. The denominator of ) ( E is the average time duration of a slot in DFSA and the numerator of ) ( E is the average time duration of a success slot in HFSA-AS.
is maximized. Then, the frame size of the identification phase is determined using the estimated number of remaining tags in the estimation phase
collision slot, the tag increases the slot counter by 1 or 2 randomly, i.e., splitting the collided tags into two branches. If a tag's slot counter is not 0 at a collision slot, the tag increases the slot counter by 2. These tags wait until all collided tags are identified. After the BT algorithm ends, the reader starts the next typical slot by broadcasting a QR command. In Fig. 4 , Tag B and Tag C select the second slot and decrease their slot counters until they become 0. At the second slot, a collision occurs and the reader transmits an empty ACK. Tag A received empty ACK increases its slot counter by 2 because its slot counter is not 0. Tag B and Tag C are collided at the second slot and they are separated into two branches by randomly selecting 0 or 1. So a collision between Tag B and C is resolved. Since the slot counter of Tag B is 0 at the third slot, it transmits its RN16 successfully. Tag C selects 1 in the branch and decreases its slot counter at the third slot. At the fourth slot, the slot counter of Tag C becomes 0 and it transmits its RN16.
In the BT algorithm, every collided slot splits into two slots [8] . Let ) (n C bin be the number of collided slots for identifying n tags. Total number of time slots ) (n T bin consumed by the BT algorithm for n tags when the slot size is the same is then
The number of success slots is the same as the number of tags n. At the d th depth of a binary collision tree, the number of collision slots is calculated by the binomial distribution.
In the identification phase, a reader runs the BT algorithm to identify the collided tags. The tags received a QR command decreases the slot counter by 1 and transmits an RN16 when the slot counter becomes 0. At a collision slot, the tags receive an empty ACK. If a tag's slot counter is 0 at a The number of idle slots ) (n I bin caused by the BT algorithm for identifying n tags is, The number of total slots is the sum of the number of success, idle, and collision slots. Total number of slots for identifying tags is the sum of Eqs. (22), (23), and the number of tags.
Then, the total time consumed by the BT algorithm for identifying n tags when the slot size varies is
So, the time used for the identification phase to identify n tags ) (n T id is
Thus, the total time to identify n tags is found from Eqs. (7) and (25). ).
III. PERFORMANCE EVALUATION
We evaluate the performance of HFSA-AS, BT, ASAP with or without the Adaptive Slot (AS) size. The simulation parameters (see Table I ) are based on the EPC global standard [1] . From to the parameters,  is 0.131 and  is 0.248. Fig. 5 demonstrates that the analysis and the simulation results for the time to identify tags. The simulation results are closely matched with the analysis. The identification time of the BT algorithm with AS is reduced to half compared to that of the BT. In the case of the ASAP algorithm, ASAP with AS can also reduce the identification time by 35 %. HFSA-AS uses the least identification time, which consumes about 50 % less time than the typical BT algorithm. The HFSA-AS algorithm shows the best performance since AS can reduce the time consumed in idle or collision slots. Fig. 6 shows the difference between the actual number of tags and the estimated number of tags. As the PER becomes higher, the estimation error of the C-ratio method becomes higher. The estimation error of the proposed estimation method is smaller than that of other estimation methods. When PER is 0.3, the proposed estimation method can reduce the estimation error by 51.49 % compared with that of the zero estimation method when the frame size is the same as the number of tags and the PER is 0.05. The HFSA-AS estimation method can be used in the situations where the zero estimation method may not be applicable, i.e., when there are no idle slots or a reader is in the initial state. 
IV. CONCLUSION
We have proposed a hybrid anti-collision algorithm for the varying slot size and the new estimation scheme. The frame size of the identification phase is determined by finding the maximum efficiency. The proposed estimation method can quickly estimate the number of tags without knowing the exact initial number of tags and identify tags' RN16s during the estimation phase. The new estimation method shows low estimation error than the others. Performance analysis and simulation results show that the HFSA-AS algorithm consumes less time than the legacy anti-collision algorithms. In addition, the HFSA-AS algorithm is more tolerant to the inaccuracy of the tag estimation method than other anti-collision algorithms.
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